The Bayer red mud generated from the alumina industry is a hazardous solid waste. In our team, a green calcification-carbonation process is proposed for its disposal. Red mud is treated with lime to convert the silicon phase in solution into hydrogarnet, which is then decomposed by CO 2 to recover alumina. In order to simplify the process flow, the direct carbonation process is employed, in which the NaOH-containing solution resulting from calcification is sent directly to carbonation without prior liquid-solid separation. The discrete and direct carbonation processes gave 34.9% and 35.5% alumina recoveries, respectively, with Na 2 O contents in the final red muds of 0.15 %wt and 0.21 %wt, respectively. The optimum NaOH concentration in the whole calcification-carbonation process liquor was 40 g/l. Under this alkali condition, alumina recovery reached 40.5% and the Na 2 O content in the processed red mud was reduced to <1 %wt.
Introduction
The accumulation of red mud, a solid waste because of its high alkalinity discharged from alumina production by the Bayer process, has become a worldwide concern [1] . The production of 1 ton of alumina results in about 1.0-1.5 tons of red mud, depending on the original bauxite properties and the efficiency of alumina digestion [2, 3] . At present, the global accumulation of red mud is estimated to be more than 2.7 billion tons and is rising at a rate of 1.20 × 10 8 ton/year [4] . The most widely used current method is dam stockpiling. However, this method is limited by high maintenance costs and large footprint [5] . Alternative methods of disposal and utilization of red mud have therefore attracted significant research attention.
During the past several decades, research concerning treatment of Bayer process red mud has focused on three main aspects [6] : (1) environmental disposal (e.g. effluent handling [7] and placement in landfills [8] ); (2) its use in materials (e.g. ceramics [9] and cement [10] ); and (3) metallurgical uses (e.g. reuse of the Fe, Al, Ti and Na components [2, [11] [12] [13] ). The above applications are restricted by their process efficiencies, volume, costs and mudassociated risks. Despite advances in addressing treatment of bauxite residues, there are only a few successful implementations, attributed to good local markets and economic conditions; many applications have failed due to high costs and low yields.
In the Bayer process, most of the aluminum in bauxite is converted into the sodium aluminate in the solution, and the silicon phase is converted into hydrated sodium aluminosilicate in the red mud. The reaction of the digestion process is as follows: Al O 2SiO 2H O 6NaOH 2Na SiO
The equilibrium structure of the red mud produced by the Bayer is Na 2 O · Al 2 O 3 · xSiO 2 ·(6 − 2x)H 2 O (x = 1.7 ~ 2), and the theoretical alumina to silica ratio (A/S) is 1 (A/S for most of the actual red mud is 1.3-1.4).
Our team has proposed a novel calcification-carbonation method [14] [15] [16] [17] [18] for disposal of Bayer process red mud. Red mud is treated with lime to convert the silicon phase in solution into hydrogarnet [19] [20] [21] 
which is then decomposed by CO 2 to recover alumina: 2 3  2  2  2  2  4   3  3  2 3CaO·Al O · SiO ·(6 2 )H O (3 2 )CO Ca SiO
In this study, we adopted the direct carbonation process to treat the calcification product, i.e. the slurry generated from calcification was not subjected to separation of solid hydrogarnet from the NaOH-containing solution, but was sent directly to carbonation. This significantly simplifies the process flow sheet, promotes carbonation, improves its efficiency and rate [22, 23] , and reduces the energy consumption and costs of red mud disposal, enabling Bayer process red mud to be disposed of in a low-cost and harmless way.
Materials and methods

Direct calcification-carbonation process
We adopted the direct carbonation process to handle Bayer process red mud, in which the solution from calcification (adjusted to the appropriate carbonation temperature), without liquid-solid separation, was sent directly to carbonation, thereby significantly simplifying the production process. This differs from the discrete calcification-carbonation process in that NaOH present in solution after calcification enters the carbonation process. The effect of NaOH should therefore be studied. A simplified flow sheet for the direct calcification-carbonation method for red mud treatment is shown in Figure 1. 
Experimental method
The procedure consists of three steps: (1) calcification for canceling alkali out; (2) carbonation for decomposing the calcified residue; and (3) digestion of carbonated residue to recover alumina ( Figure 2) .
The calcification experiments were conducted in a 1 l stainless steel autoclave (Zhenwei Chemical Machinery Co. Ltd., Weihai, Shandong Province, China) ( Figure 2 ) equipped with a magnetic stirrer and a proportional-integral-derivative temperature controller. A mixture of distilled water and 50 g red mud were added to the autoclave. After the temperature rose to 160°C, a certain amount of CaO milk was injected via the inflation inlet. The entire liquid-to-solid mass ratio was maintained at 5:1, Ca:Si molar ratio of 2.5:1; the reaction time was 1 h and stirring speed 300 r/min.
The carbonation experiments were also carried out in the autoclave. Distilled water and calcified residue at a mass ratio of 5:1 were added inside and reacted for 1 h under CO 2 conditions. Specifically: (1) at normal pressure, the autoclave was filled with CO 2 for 3 min at a rate of 20 ml/min so as to expel the air in advance; and (2) at elevated pressure, the calcified residue was carbonated under CO 2 atmosphere and pressure of 1.2 MPa, with a reaction time of 1 h and stirring speed of 300 r/min.
The direct experimental process is similar to the discrete process. After the calcification reaction, temperature inside the autoclave was adjusted to the carbonation temperature, and then CO 2 was passed into the autoclave. Namely, the solutions after calcification, without solid-liquid separation, were directly sent to carbonation, which largely simplified the production flow.
To isolate Al 2 O 3 from the carbonated red mud and assess the effect of carbonation, we carried out parallel experiments in a water bath containing a mechanical agitator at a rate of 300 r/min. The carbonated residue was leached at 60°C for 1.5 h in the 100 g/l NaOH Figure 2: Schematic of the autoclave: 1, resistance wire; 2, thermocouple; 3, gas vent; 4, gas inlet; 5, pressure-release valve; 6, rotameter; 7, magnetic stirrer; 8, inflation inlet; 9, sample connection.
solution at a liquid-to-solid ratio of 10:1. After digestion, the slurry was filtered and washed.
Raw materials
Red mud (Zhengzhou Aluminum Company, Henan Province, China) was produced by the Bayer process by digestion of gibbsite bauxite. The chemical compositions of the raw red mud are shown in Table 1 . It can be seen that the red mud was mainly composed of Al 2 O 3 (22.20 %wt), SiO 2 (21.30 %wt), Na 2 O (6.70 %wt), and CaO (11.43 %wt). The X-ray diffraction pattern of the red mud is shown in Figure 3 , and the identified mineral phases were cancrinite [Na 6 . NaOH and CaO used here were of analytical grade (Sinopharm Chemical Reagent Co. Ltd., China) and CO 2 with purity >99% was supplied from a 40 l gas cylinder (Kejin Chemical Gas Co. Ltd., Shenyang, China).
Analyses of solid sample
The compositions of the solid samples were detected on an X-ray fluorescence spectrometer (ZSX100e, Rigaku, Japan). Their mineralogical characteristics were recorded on a XRD meter (D8 Advance XRD, Bruker Company, Germany) with Cu Kα X-ray and at 40 kV, 40 mA and increment of 0.0095°. The morphologies of the samples were detected by scanning electron microscopy (SIGMA 500, Zeiss, Germany).
The recovery efficiency of alumina from red mud was expressed as follows: 3 Results and discussion
Comparison between discrete and direct processes
To explore the feasibility of the direct carbonation process, we experimentally compared this with the discrete process. The optimum calcification conditions were as follows: reaction temperature of 160°C, Ca:Si molar ratio of 2.5:1, and liquid-solid ratio of 5:1. The optimum carbonation conditions were as follows: liquid-solid ratio of 5:1, pressure of 1.2 MPa, and the reaction temperature of 120°C. Table 2 shows that both Al 2 O 3 recovery and Na 2 O concentrations were similar for the discrete and direct processes: the Al 2 O 3 recoveries were maximized at 34.9% and 35.5%, respectively; the final Na 2 O concentrations in the red mud were 0.15 %wt and 0.21 %wt, respectively. These findings suggested that the presence of residual NaOH when using the direct method without solid-liquid separation did not significantly affect the final results. Figure 4 shows X-ray diffraction (XRD) patterns of the carbonated residues produced from the two processes. The phases identified in the product from the discrete process were fully consistent with that of the direct process. The carbonated residues contained unreacted hydrogarnet, calcium silicate, and calcium carbonate. The Al(OH) 3 phases are not probed by the XRD patterns, because of low crystallinity of the generated products [24] . 
The effect of NaOH in the calcification process
The alkali will be enriched in industrial production. To simulate industrialization, different concentrations of NaOH solution were mixed with red mud and CaO in the reactor to investigate the effect of NaOH concentration on the whole process. The concentration of NaOH solution was divided into 10-70 g/l.
The calcification process was CaO instead of Na 2 O in sodium aluminosilicate. The effect of different concentrations of NaOH solution on the calcification process was investigated by using the Na content in the calcified residue and XRD.
As can be seen from the calcification reaction, NaOH as a product may inhibit the positive progress of the reaction, but in fact the solubility of NaOH in water is very high, especially under high temperature conditions. Figure 5 shows that the increment of Na 2 O in the calcified residues was not very obvious (0.27-0.5%wt). Figure 6 shows that the XRD patterns of residues calcified at various NaOH conditions are also very similar. The calcified residues included hydrogarnet [Ca 3 Al 2 (SiO 4 )(OH) 8 ] and CaCO 3 . The detected CaCO 3 is generated by unreacted CaO carbonated by CO 2 during filtering and drying.
The effect of NaOH on the carbonation process
The solutions from calcification (adjusted to the appropriate carbonation temperature), without liquid-solid separation, were sent directly to carbonation. The results are shown in Figures 7 and 8 . The final alumina recovery from the red mud first increased and then dropped as the NaOH concentration increased. Maximum recovery of 40.5% was achieved at a concentration of 40 g/l NaOH, which was better than those of both the direct (35.5%) and discrete (34.9%) processes. In contrast, the Na 2 O concentration in the residues increased with increasing NaOH concentration. The Na 2 O content was 0.6 %wt at 40 g/l NaOH addition, which was slightly higher than the discrete (0.15 %wt) process. These results suggested that appropriate addition of alkali can promote the decomposition of hydrogarnet and its reaction with NaCO 3 ; more Na moves from the solution into the residue, improving the alumina recovery and raising the Na concentration in the final product.
We analyzed the phases present in the carbonated residues and identified the effect of changing red mud composition. Figure 5 shows the XRD patterns of carbonated residues produced with addition of 10-70 g/l NaOH solutions.
At low NaOH concentrations (≤30 g/l), the hydrogarnet phase was not carbonated in the residues, but as the NaOH concentration increased (≥40 g/l), this phase almost disappeared. This indicated that use of an appropriate NaOH concentration ensured more complete decomposition of hydrogarnet and improved alumina recovery. This was consistent with the results shown in Figure 7 .
Noticeably, a dawsonite phase [NaAlCO 3 (OH) 2 ] appeared when the NaOH concentration exceeded 30 g/l and a sodalite phase [Na 8 Al 6 Si 6 O 24 (OH) 2 H 2 O] was found above 60 g/l NaOH. The formation of such phases results in loss of Al and reduces its solubility. As a result, the alumina recovery declined at high NaOH concentrations, as shown in Figure 7 .
The main reaction of the carbonation process is: 
NaOH transforms into Na 2 CO 3 with CO 2 in the carbonation process:
The Al(OH) 3 product from reaction (4) is converted into dawsonite in the presence of NaCO 3 :
Al(OH) Na CO 0.5H O aq 0.5Na O·Al O ·2CO ·3H O NaOH aq.
The main reaction of the carbonation process is therefore promoted by the formation of dawsonite. Moreover, dawsonite in the system can also react with NaOH in the digestion process: 
This may explain why the Al 2 O 3 recovery rises under certain alkali conditions. Sodalite, which has higher Na and Al contents, will be generated with further increase in alkali concentration: : Scanning electron microscopy images of different carbonated residues. Morphologies produced by (A) the discrete process, (B) the direct process, and (C) the whole process using 40 g/l NaOH. 
The sodalite phase cannot be digested in the process.
Scanning electron microscopy results
Morphologies of carbonated residues produced by the discrete and direct carbonation methods are shown in Figure 9A and B, respectively. Comparison shows that the structures of the carbonated residues were very similar. After carbonation, the carbonated residues exhibits an approximately round morphology with particle size of approximately 5 µm and a compact surface. Combining these data with chemical compositional analysis and XRD phase analysis, it was concluded that the presence of the Na alkali residue, caused by the omission of the liquidsolid separation step in the direct carbonation method, does not affect the final product. Carbonated residue obtained using a solution of 40 g/l NaOH is shown in Figure 9C . The product of needle-like structures appeared in carbonated residues. The needle-like structures on the surface were identified as dawsonite.
Conclusions
The direct carbonation process simplifies the process flow, making the steps of calcification and carbonation continuous. This significantly reduces equipment requirements and energy consumption, and shortens the processing time. Bayer process red mud can therefore be processed in a low-cost harmless way. Under optimal experimental conditions, the Na 2 O concentrations in final residues treated by the direct and discrete carbonation processes were 0.21 %wt and 0.15 %wt, respectively, and the alumina recoveries were 35.5% and 34.9%, respectively. XRD analysis proved that the products from both processes were mainly composed of calcium carbonate and calcium silicate. Decomposition of the calcified residue can be optimized at a certain alkali concentration.
With the addition of 40 g/l NaOH, the alumina recovery was maximized at 40.5% and the residual Na 2 O in the final residue was reduced to <1 %wt.
